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Edited by Felix WielandAbstract We previously identiﬁed two forms of endocytosis
using capacitance measurements in chromaﬃn cells: rapid endo-
cytosis (RE), dynamin-1 dependent but clathrin-independent and
slow endocytosis (SE), dynamin-2 and clathrin-dependent. Vari-
ous recombinant SH3 domains that interact with the proline-rich
domain of dynamin were introduced into single cells via the patch
pipette. GST-SH3 domains of amphiphysin-1, intersectin-IC,
and endophilin-I inhibited SE but had no eﬀect on RE. Grb2-
SH3 (N-terminal) or a mutant of amphiphysin-1-SH3 was inactive
on either process. These data conﬁrm that dynamin-1 dependent
RE is independent of clathrin and show that amphiphysin is
exclusively associated with clathrin and dynamin-2-dependent
SE.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In most secretory cells, Vesicle exocytosis is accompanied by
corresponding endocytosis. The traditional endocytotic path-
way, the clathrin-coated vesicle (CCV) is the best understood
[1,2]. Previously, we showed that endocytosis following tran-
sient stimulation occurs rapidly (msec–sec) and requires
GTP, Ca2+ and dynamin-1, but not clathrin (rapid endocyto-
sis, RE) [3–6]. By contrast, sustained stimulation prompts
the appearance of a much slower (minutes) form of membrane
retrieval that involves clathrin and dynamin-2, but not Ca2+
(slow endocytosis, SE [6]).
Given that the two forms of endocytosis involve diﬀerent
dynamin isoforms, it is of considerable interest to identify dyn-
amin-1 and -2 binding partners that may play ancillary roles in
the two processes. Targeting of dynamin to coated pits appears
to be strongly dependent on the C-terminal proline-rich do-
main (PRD) region and involves a number of proteins withAbbreviations: AC cells, adrenal chromaﬃn cells; APs, action poten-
tials; RE, rapid endocytosis; SE, slow endocytosis; CCV, clathrin-
coated vesicle
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doi:10.1016/j.febslet.2006.04.083SH3 domains that can interact with polyproline type II helical
motifs in the PRD [7–10]. These include the proteins amphi-
physin, endophilin and intersectin that may themselves play
important roles in erecting the complex superstructure of the
clathrin coat. Introduction of the C-terminal amphiphysin-
SH3 domain as a GST construct (GST Æ amph-SH3) into var-
ious cells leads to a block in clathrin-mediated endocytosis,
likely by sequestering dynamin and preventing its oligomeriza-
tion [11–14]. Similarly, the SH3 domain of endophilin leads to
a build-up of coated vesicles in lamprey neurons [15]. While the
role of PRD in targeting dynamin to coated pits is indisput-
able, truncated dynamin mutants that lack the PRD can still
target to the membrane, albeit to sites devoid of clathrin [8].
This suggests that other regions of the protein can be critical
to targeting dynamin to sites of non-clathrin mediated endocy-
tosis. In this study, we have investigated the eﬀects of dyn-
amin-interacting SH3 domains on RE and SE using the
capacitance and amperometry assays. We ﬁnd that SH3 do-
mains do not aﬀect clathrin-independent RE but that clath-
rin-dependent SE is potently inhibited. The molecular
assemblies mediating these two types of endocytosis may be
very diﬀerent.2. Materials and methods
2.1. Cell culture and protein expression
Calf chromaﬃn cells were obtained by collagenase digestion of adre-
nal medullae from 10 to 12 weeks old bovine calves followed by gradi-
ent centrifugation to purify chromaﬃn cells [3]. Cells were seeded at a
density of 3 · 105 per collagen-coated 35 mm culture dish and used
within 1 week of plating. Plasmids encoding the SH3 domains of
amphiphysin-1 and Grb2 (N-terminus) fused to GST were kind gifts
of Dr. P. de Camilli (Yale Univ., New Haven), while those encoding
GST Æ intersectin-SH3 and GSTendophilin-SH3 domains were gener-
ously provided by Dr. P. McPherson (McGill Univ., Toronto). A plas-
mid encoding the ear domain of a-adaptin was the kind gift of Drs. T.
Brett and D. Fremont (Washington Univ., St. Louis). The proteins
were expressed in Escherichia coli and puriﬁed by aﬃnity chromatog-
raphy on glutathione-agarose using standard procedures. Purity was
assessed at >95% by SDS–PAGE and staining. A plasmid encoding
the PRD of dynamin-2 (residues 742–871) was obtained from Drs. J.
Dong and P. Westermann (Max Delbruck Center, Berlin). Protein
was expressed in bacteria and puriﬁed by aﬃnity chromatography
on Talon resin (Clontech). Antibodies to amphiphysin were an aﬃn-
ity-puriﬁed IgG specially prepared by BD-Transduction Labs. (anti-
amphiphysin-1 mAb) or were the gift of Dr. McPherson (polyclonal
anti-pan-amphiphysin). Prior to introduction into the patch pipette
all proteins were dialyzed against internal pipette solution and centri-
fuged at 50000 · g for 20 min to remove any insoluble material.blished by Elsevier B.V. All rights reserved.
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To conﬁrm that the SH3 domains used in this study were biologi-
cally active, we conducted binding experiments using surface plasmon
resonance in a BIAcore 3000 instrument, as recently described [10].
(His)6-tagged dynamin-2 PRD was immobilized on the dextran matrix
of a sensor chip containing Ni-nitriloacetic acid. All steps in the
immobilization process were carried out at a ﬂow rate of 5 ll/min.
After washing and establishment of a baseline, various GST Æ SH3 do-
mains were added to the chamber during the binding phase using a
ﬂow rate of 20 ll/min. The amount of protein bound to the sensor
chip was then monitored by the change in refractive index over the
ensuing 300 s, followed by a wash causing dissociation of the bound
protein. All experiments were performed at 4 C in HBS (10 mM
HEPES, pH 7.4, 0.15 M NaCl, 50 lM EDTA, and 0.05% Tween 20)
and the PRD and all GST-SH3 domains were dialyzed against HBS
(which was also used for all dilutions) to minimize changes in bulk
refractive index upon sample injection. Apparent Kd’s were in the
10–500 nM range (see legend of Fig. 1), for kinetic analyses of these
interactions, see [10].
2.3. Patch-clamp current and capacitance recordings
Our patch-clamp current and capacitance techniques have been pub-
lished previously [3–6]. To elicit RE and SE cells were subjected to
depolarizing pulse trains of 10 · 50 ms or 29 · 75 ms, respectively.
The patch pipette solution contained (in mM): K–glutamate (90),
Cs–glutamate (20), HEPES (30), K–EGTA (0.1), NaCl (12), MgCl2
(5), ATP (2), GTP (0.35), pH adjusted to 7.2 with KOH. Nucleotides,
antibodies and diﬀerent peptides as indicated in the ﬁgure legends were
added fresh to the pipette solution before experiment. The bath solu-
tion consisted of (mM): HEPES (10), tetraethylammonium–Cl (150),Fig. 1. Binding of SH3 domains to dynamin-2 PRD. The (His)6-
tagged PRD of dynamin-2 was immobilized on a BIAcore dextran
chip modiﬁed with Ni-NTA to bind the tag. Various GSTSH3
domains (all 500 nM) were then admitted to the chip and the increase
in response of the instrument automatically recorded in real time
(values normalized as arbitrary response units/molecular weight).
After 300 s injection of SH3 domain was stopped and buﬀer
readmitted to the chip whereupon dissociation of the SH3 domain
ensued (decline in response). Curves presented were blank subtracted
(parallel chip without dynamin-2 PRD) and normalized for molecular
weight of the GSTSH3 domain (abscissa). All SH3 domains used in
this study were able to bind to the immobilized dynamin-2 PRD
except for the mutant amphiphysin-SH3 domain (G684ﬁ R/
P687ﬁ L [17]); likewise, GST alone gave no response (not shown).
The equilibrium binding constants (KD) for the interaction between
dynamin-2 PRD and SH3 domains tested were: 25.7 ± 0.5 nM
(Amph-SH3), 72.5 ± 5.1 nM and 117.7 ± 11.7 nM (Endo-SH3),
23.8 ± 1.0 nM and 2.7 ± 0.2 lM (Grb2-SH3) and 39.2 ± 0.3 nM
(Inters-SH3).CaCl2 (2), glucose (10), and 1 lM tetrodotoxin, pH adjusted to 7.3
with tetraethylammonium–OH. All experiments were performed at
24 C.
2.4. Current-clamp recording
To evoke action potentials (APs), cells maintained at a Vm of
80 mV by application of a holding current of 1 to 4 pA were stim-
ulated by 10 ms depolarizing current (+20 to +40 pA) as described [16].
The pipette solution contained in (mM): K–glutamate (100), K–EGTA
(0.1), HEPES (30), NaCl (12), MgCl2 (5), ATP (2), GTP (0.35), pH ad-
justed to 7.2 with KOH. External solution consisted of (mM): NaCl
(140), HEPES (10), glucose (10), MgCl2 (1), KCl (5.5), CaCl2 (2),
pH 7.3 with NaOH.
2.5. Amperometry
Highly sensitive low noise polypropylene-insulated carbon ﬁber
electrodes (CFE) were used to monitor catecholamine secretion from
single adrenal chromaﬃn (AC) cells as described before [16]. Brieﬂy a
7 lm CFE was closely apposed to the cell surface to minimize the dif-
fusion distance from the release site. The amperometric current was
measured using an Axopatch 200B in voltage clamp mode at a hold-
ing potential of 780 mV. Data were collected then analyzed using
Igor software (Wavemetrics, Lake Oswego, OR). The beginning
and ending of each amperometric spike was located where the leading
edge of the transient (which include the foot when present) exceeded
the baseline current by two times the standard deviation of the base-
line noise level.3. Results
3.1. Amphiphysin-SH3 domain aﬀects SE but not RE
To test whether various SH3 domains that interact with
dynamin were functionally active we used surface plasmon
resonance to assess binding to the immobilized PRD of dyn-
amin-2 (Fig. 1; see also [10]). All SH3 domains were active
except for the amphiphysin mutant protein speciﬁcally de-
signed to lack this property. Our previous membrane capac-
itance studies have shown that following brief voltage
depolarizations (10 · 50-ms) membrane retrieval is mediated
by RE with time constants in the range of 0.3–13 s. By con-
trast, sustained stimulation (29 · 75-ms) brings into play an
endocytosis with much longer time constants (10 min) that
we call SE [6]. A typical record with both types of stimulation
is shown in Fig. 2A. SE is clathrin mediated while RE is not
and the two types of endocytosis require diﬀerent isoforms of
dynamin [6]. SH3 domains shown in Fig. 1 were introduced
into calf AC cells via the patch-clamp electrode.
GST Æ amph-SH3, that acts as a dominant-negative to inhibit
CCV-based endocytosis in ﬁbroblasts and lamprey neurons,
only aﬀected SE; RE remained similar to controls
(Fig. 2B). The eﬀect on SE was speciﬁc because a modiﬁed
amph-SH3 domain with 2 amino acid substitutions, that can-
not bind to dynamin [17] (see also Fig. 1), did not aﬀect SE
(Fig. 2C). By contrast, the SH3 domain from Grb2 (N-termi-
nal) failed to inhibit SE or RE (Fig. 2D). This result is sur-
prising as this SH3 domain binds to dynamin-PRD at a
site close to that recognized by amphiphysin [10], but agrees
with previous ﬁndings indicating that overexpression of this
SH3 domain fails to inhibit receptor-mediated endocytosis
[12,13]. GST alone did not inﬂuence either RE or SE and
none of the introduced species altered the magnitude of exo-
cytosis or peak Ca2+ current (see Table 1). These results sug-
gest that amphiphysin-SH3 domain speciﬁcally disrupts SE,
possibly by interfering with dynamin-2 function, but has no
eﬀect on dynamin-1-mediated RE.
Fig. 2. The amphiphysin-SH3 domain aﬀects SE but not RE. (A) Continuous Cm recording In a control cell sequentially stimulated with two
protocols designed to elicit RE and SE (arrow: bars indicate length of pulse trains). Exocytosis was immediately followed by RE at 12 min after
attaining whole-cell conﬁguration. After a resting period of 5 min, a second round of secretion was elicited with the sustained protocol to trigger SE.
(B) Infusion of the GSTamph-SH3 domain into the cell via the patch pipette inhibits SE but has no eﬀect on RE. (C) Failure of mutant GSTamph-
SH3 that does not bind to dynamin to inhibit either RE or SE. (D) Failure of GST construct of grb2 N-terminal SH3 domain to inhibit either RE or
SE. Results from typical experiments are shown; statistical analyses for SE characteristics are summarized in Table 1. Average RE values in (B)–(D)
were not signiﬁcantly diﬀerent from control (A) and were similar to previously reported data [6].
Table 1
Eﬀect of recombinant proteins on exocytosis and slow endocytosis (SE)
Conditions for SE Peak current
(pA)
Total Cm increase
(fF)
Endocytosis
duration (min)
Endocytosis
rate (fF/min)
Control (n = 52) 700 ± 21 1712 ± 83 11.2 ± 0.3 108 ± 6
Anti-amphiphysin IgGs (n = 14) 692 ± 31 1650 ± 118 – –
Amph-SH3 domain (n = 17) 690 ± 33 1686 ± 110 – –
Amph-SH3 mutant (n = 19) 694 ± 30 1671 ± 179 10.6 ± 0.6 113 ± 13
GST-tag (control) (n = 20) 725 ± 32 1733 ± 132 11.5 ± 0.7 115 ± 8
Grb2 SH3 domain (n = 10) 682 ± 22 1643 ± 160 11.1 ± 1.1 105 ± 13
Endophilin SH3 domain (n = 10) 689 ± 29 1700 ± 156 – –
Intersectin SH3 domain (n = 11) 682 ± 31 1690 ± 122 – –
a-Adaptin ear domain (n = 12) 705 ± 34 1702 ± 202 – –
Calf AC cells were stimulated with a train of 29 · 75 ms stimulations at 12 or 18 min after attaining whole cell recording to allow complete infusion of
the proteins into the cell, at 1 mg/ml, through the patch pipette. Peak current is the Ca2+ current amplitude evoked by the ﬁrst pulse of the stimulation
train. Cm increase is the maximum increase of the membrane capacitance at the end of the stimulation train. Endocytosis duration is the time
required for Cm to return to baseline. Rate of endocytosis is the slope of the declining Cm trace. Measurements are means ± S.E.M. Dashes indicate
no endocytosis was seen in the 10 min after the end of stimulation.
A. Elhamdani et al. / FEBS Letters 580 (2006) 3263–3269 32653.2. Other dynamin partner proteins aﬀect only SE
Studies in vitro have conﬁrmed that a number of other pro-
teins implicated in clathrin-based endocytotic events have theability to bind to dynamin via their SH3 domains. These in-
clude the proteins intersectin [18] and endophilin [19]. Previous
studies on receptor-mediated endocytosis showed that these
Fig. 3. Other dynamin partner proteins aﬀect only SE. Continuous Cm records after formation of whole-cell conﬁguration from a cell loaded with
(A) GSTintersectin-1 SH3-C domain; (B) GSTendophilin-1 SH3 domain; (C) GSTear domain of a-adaptin or (D) GST alone as control. The three
diﬀerent fusion proteins at 1 mg/ml completely blocked SE but had no eﬀect on RE; GST had no eﬀect on either process. Statistical analysis data for
SE are summarized in Table 1. Average values of RE parameters are not signiﬁcantly diﬀerent from control cells.
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abilized cell model [20]. We therefore tested if recombinant
GST fusion proteins coupled to these domains would aﬀect
RE or SE (Fig. 3A and B). Both the SH3-C domain of inter-
sectin and endophilin behaved like that of amphiphysin in
eliminating SE but not RE. While the precise site has not been
unequivocally determined, it is known that endophilin-SH3
can bind to a diﬀerent sequence in the dynamin-PRD than
amphiphysin [10,21]; the site(s) occupied by intersectin have
not yet been determined.
The isolated ‘‘appendage’’ (ear) domain of a-adaptin [22] is a
receptor for several CCV-associated proteins including amphi-
physin, and inhibits receptor-mediated endocytosis when ex-
pressed in Cos cells [13]. As shown in Fig. 3C, this protein
also blocks only SE, conﬁrming that this process is indeed
mediated by a clathrin-dependent mechanism.
3.3. Anti-amphiphysin antibodies aﬀect SE but not RE
A monospeciﬁc anti-amphiphysin-1 (mAb) recognizes a sin-
gle amphiphysin-1-like protein in lysates of calf AC cells(Fig. 4, inset). Infusion of such IgGs into cells via the patch
pipette had no eﬀect on exocytosis, RE or Ca2+ channel func-
tion but entirely blocked SE (Fig. 4, see Table 1 for statis-
tics). Control IgGs had no eﬀect (data not shown); we have
shown previously that antibody perturbation is an eﬀective
method of neutralizing protein function in these cells [3,6].
These results suggest that amphiphysin-1 is associated with
CCV-based endocytosis in AC cells but that it is not involved
in RE.
3.4. Amphiphysin SH3 domain does not aﬀect amperometric
spikes nor the total amount of secretion
Previously, we showed that interfering with dynamin-1
function could alter the falling phase of a sub-population
of large amperometric spikes in calf AC cells [16]. A subse-
quent paper claimed that the incorporation of the amphiphy-
sin-1 SH3 domain into adult bovine AC cells by
electroporation altered the characteristics of all amperometric
spikes following permeabilization with digitonin and expo-
sure to high [Ca2+] [23]. In contrast to [23], we found no
Fig. 4. Direct amphiphysin antagonism aﬀects SE but not RE.
Capacitance recordings following monoclonal anti-amphiphysin-1
IgG (1 mg/ml) infusion into a calf AC cell from the patch pipette.
RE was unaﬀected but no SE occurred under these conditions. Similar
results for SE were obtained when cells were ﬁrst stimulated 12 min
after establishing the whole-cell conﬁguration without prior RE. RE
characteristics were not signiﬁcantly diﬀerent from control cells. Inset:
immunoblot using same anti-amphiphysin-1 IgG (2.5 lg/ml) with rat
brain synaptosomal lysate (10 lg protein; lane 1) and calf AC cell total
lysate (150 lg protein; lane 2). Detection was with peroxidase-coupled
goat anti-mouse IgG (1:5000). A single band at 125 kDa is
recognized in both preparations whose size agrees with that predicted
for amphiphysin-1.
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either individual amperometric spike characteristics or cumu-
lative secretion evoked by action potentials (Fig. 5). These re-
sults are in keeping with the lack of eﬀect of this protein on
RE, which is the major form of membrane retrieval in calf
AC cells under physiological conditions.4. Discussion
The present results further demonstrate that distinct mech-
anisms mediate RE and SE in chromaﬃn cells. Such a
distinction likely extends down to the level of dynamin-inter-
acting partners as it is clear that SH3 domain infusion aﬀects
only dynamin-2 mediated SE and not dynamin-1 mediated
RE. Similar results in retinal bipolar cells show that the dis-
ruption of amphiphysin–dynamin interaction inhibited slow
but not fast endocytosis [24]. Both dynamins bind to SH3
domains in vitro, though there are signiﬁcant kinetic and
speciﬁcity diﬀerences between the two isoforms [10]. We sur-
mise that the failure of SH3 domains to inhibit dynamin-1
mediated RE may be due either to the fact that the dyn-
amin-1 PRD is already occupied by a tightly bound SH3 do-
main in situ, or is otherwise hindered from binding e.g. by
phosphorylation [25]. Examination of dynamin targeting in
the Caenorhabditis elegans nervous system showed that the
PRD was not involved in synaptic localization of the pro-
tein, again implying that other regions of the protein (in thiscase the GTPase and coiled-coil domains) play a more
important role [26]. Moreover, smaller dynamin family mem-
bers that lack a PRD (e.g. DLP1) can localize to speciﬁc
intracellular sites [27]. Furthermore, it has been shown that
full length dynamin-1 was targeted to coated pits while dyn-
amin-DPRD was localized to non-clathrin rich areas of the
plasma membrane [8]. We previously showed that the iso-
lated PH domain of dynamin-1 but not that of dynamin-2
could block RE, suggesting that the interaction of dyn-
amin-1 with RE sites might preferentially involve lipid asso-
ciation [5].
Our results also clearly show that RE does not involve
amphiphysin-1, as antibodies to that protein failed to block
RE while still inhibiting SE. Amphiphysin-1 is highly ex-
pressed in mammalian brain and localizes mainly to synaptic
terminals [28]. The recent failure to conﬁrm an essential role
for this protein in synaptic transmission in both ﬂies and mam-
mals [29–32] casts doubt on the purported role of amphiphysin
and CCVs in vesicle recycling. The mild phenotype of the
amphiphysin-1 null mouse suggests that any eﬀects on synaptic
vesicle recycling are subtle. For example, FM2-10 dye internal-
ization in synaptosomes derived from knockout mouse brain
implies that 60% of dye uptake is via a non-amphiphysin-
dependent route [32]. In the same study glutamate release
was indistinguishable from control cells suggesting a normal
vesicle recycling in the complete absence of amphiphysin-1
and 2a.
Similar results were reported in the endophilin knockout
ﬂy: synaptic transmission at low stimulation rates continued
in the absence of endophilin but eﬀects could be readily seen
at higher stimulation rates [33]. Following the hypothesis of
Ceccarelli et al. [34], these authors concluded that a ‘‘kiss-
and-run’’ mechanism might support neurotransmission at
low rates while a full fusion-CCV mechanism would come
into play at higher frequencies [33,35]. Although, recent stud-
ies cast doubt on the occurrence of kiss-and-run mode of
secretion in ﬂy endophilin mutant [36], The results of the
present work together with our previous studies in calf AC
cells strongly support the scenario proposed by Ceccarelli
et al. [34]. Indeed, the lack of eﬀect of amphiphysin-SH3
on continued secretion in calf AC cells, as determined by
amperometry in the present work, suggests that SE plays lit-
tle if any role in vesicle recycling in this system under normal
physiological conditions. As reported previously, SE only
comes into play at high levels of stimulation [6] (equivalent
to tetanic stimulation in neurons) where unitary vesicles col-
lapse with the plasma membrane as detected by cell-attached
capacitance [37].
Recent work suggests that the dynamins are complex pro-
teins that are involved in a variety of processes other than
receptor-mediated endocytosis at the plasma membrane [38].
Even within the conﬁnes of receptor internalization, diﬀerent
interactions of dynamin-2 via the PRD might regulate the
endocytosis of distinct receptors [39]. In the present instance,
determining the proteins that interact with dynamin-1 in regu-
lating RE will be key to further understanding of this impor-
tant process.Acknowledgments: This work was supported by National Institutes of
Health Grants MH-47181, DK-58921 (C.R.A.) and GM-56396
(H.C.P.) and National Science Foundation Grant IBN-9985874
(C.R.A.).
Fig. 5. Amphiphysin SH3 domain does not aﬀect amperometric spike features. (A) Amperometric records showing secretion in the third round of
APs stimulation from (a1) a control cell and (a2) a cell loaded with amph-SH3 domain (1 mg/ml) via the patch pipette. Cells were stimulated by at
least three successive trains of 490 APs at 7 Hz, 5 min separating each train. Under both conditions, the amount and characteristics of amperometric
spikes in the third round (22 min) was not signiﬁcantly diﬀerent from the ﬁrst (10 min) or second (16 min) rounds [16]. (B) Cumulative integral
amperometric current of the traces in A (a1,a2; solid lines, b1,b2). Dotted lines represent cumulative current during the ﬁrst round of stimulation
(b3,b4). (C) Individual amperometric spikes at expanded time scale taken from a1 and a2. (D) Sample AS (* in C) shown at an expanded time scale to
illustrate parameter measurements used in this study. Maximum spike amplitude (Amp), quantal size (Q) is the integral of the amperometric current,
rising phase (RP) is the period from Ts to the maximum spike amplitude, while falling phase (FP) is the period from the maximum spike amplitude to
Te. The entire AS is deﬁned by start and end times (Ts and Te, see Section 2). Mean values of rising phase and falling phase (E), amplitude and charge
(F) as well as the cumulative charge (G) in control (hollow bars; n = 23 cells) and amph-SH3 domain treated cells (ﬁlled bars; n = 18 cells) at the third
round of stimulation. Data ± S.E.M.
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